Abstract: This paper targets an inherent control of optical shrinkage in photosensitive polymers, contributing by means of spatially resolved analysis of volume holographic phase gratings. Point by point scanning of the local material response to the Gaussian intensity distribution of the recording beams is accomplished. Derived information on the local grating period and grating slant is evaluated by mapping of optical shrinkage in the lateral plane as well as through the depth of the layer. The influence of recording intensity, exposure duration and the material viscosity on the Bragg selectivity is investigated.
Introduction
The interest in development, characterisation and optimization of novel, functionally-tailored photosensitive materials is omnipresent. This is mainly due to the wide-ranging possibilities for future applications, from volume holographic memory over 3D imaging and waveguides [1] [2] [3] [4] , up to optical sensing, photonic circuits and integrated optics [5] [6] [7] . Photosensitive polymers are of particular interest. The underlying mechanism of hologram formation is attributed to a photo-induced change of the refractive index [8, 9] .
Research efforts are concentrated on material composition, processing and sample fabrication on the one hand [7] [8] [9] [10] , and on techniques and methods applied for recording and subsequent analysis on the other hand [7, 9, [11] [12] [13] [14] [15] [16] . In each case, there is a particular need to meet the high demands on precision and repetitive accuracy, accompanying volume holographic operations. Beyond mechanical stability of the holographic setup, inherent stability of the photosensitive material constitutes an underestimated influential factor for hologram formation and performance [16, 17] . Long-term stability depends on OPEN ACCESS intrinsic material features, significantly influencing the course of the grating formation, as well as on temperature and thermal history [18] . The UV curing and baking processes are known to significantly affect the film shrinkage and swelling behaviour [13, 19] . The layer thickness represents a crucial factor for the selectivity of optical elements and for storage capacity of memories [18] . However, with thick films, it is more difficult to comply with the stability requirements [7] . As a consequence, viable shrinkage control is needed [16] .
Optical shrinkage, comprising of mechanical deformations of the volume on the one hand and a change of the average refractive index on the other hand [14] , proceeds inevitably parallel to the grating formation [13] . Low optical shrinkage during holographic recording is desired, since this is linked to a constant functionality of the final optical element. Optical shrinkage is accompanied by Bragg angle detuning as a result of altered grating constants or modified refractive index. The Bragg selectivity, however, determines the optical functionality [13, 20] . Preliminary results suggest, that a constant functionality beyond high volume stability can be realized by means of an increase of the average refractive index, compensating the impact of mechanical shrinkage associated with photo-induced crosslinking [13] .
In general, there are three different approaches to reduce optical shrinkage. The first deals with advanced material compositions [16, [21] [22] [23] , including the incorporation of inorganic substances [10, 24] . The second possibility is to apply special material processing, such as pre-imaging, incoherent-light exposure [25, 26] . The third approach concentrates on the influence of accessible parameters, namely recording intensity, exposure duration and the material's viscosity to control and adjust the optical shrinkage [13] .
The present paper follows such an inherent shrinkage control and contributes by means of spatially resolved analysis of the grating. Specifically, this is accomplished by means of scanning the lateral plane of transmission type gratings to obtain local values of the grating period Λ and the grating slant Φ. For this purpose, a lateral scan method is introduced, keeping track of the hologram shape, which is determined by the material response to the Gaussian intensity distribution of the recording beams. This is exploited to gain detailed information on the Bragg selectivity.
Experimental Section

Hologram Generation
All investigations are based on one-dimensional, plane-wave, transmission type gratings. The free-surface epoxy-based polymer samples, prepared by micro resist technology GmbH, feature a layer thickness of 200 μm. The corresponding mechanism of polymerization is a cationic ring-opening polymerization (CROP). Symmetric recording geometry results in unslanted gratings with periodicity of Λ ≈ 2μm. Holographic exposure is performed by two freely propagating, s-polarized recording beams (λ = 405nm), 2 mm in diameter. The volumetric shrinkage of this material system is 2% in average [7] . For more details on sample preparation, hologram recording and specific material characteristics, see [7, 9, 11, 13] .
The material's viscosity depends on the duration of the pre-exposure bake, carried out on a hotplate (80 °C), subsequent to the spincoating. Low and high viscosity are accomplished by means of short (30 min) and long (180 min) prebake duration, respectively.
Lateral Scanning
Analysis of the final holograms is accomplished in a rotation-scan setup with collimated probe beam. The transmitted signal of a 543 nm HeNe laser is detected while the hologram under test is rotated. From the angular resolved transmission information, the grating constant Λ by use of Equation (1) is derived, while the grating slant Φ is determined by the bisecting line of the angular positions of the first diffraction orders.
The probe beam features a diameter of 0.2 mm. Probing only a tenth of the exposed area is primarily for the purpose of measuring precision [7, 27] . However, it also enables the scanning of the grating by moving the sample perpendicular to the optical axis. A sequence of rotation scans through the grating diameter constitutes a lateral scan. This analytical method allows the determination of the hologram characteristics along the sample surface. Thereupon, it is possible to compare and track respective properties from the centre of the grating to the edges, corresponding to the areas of highest and lowest recording intensity. As a consequence, spatial sequences of the grating parameters are derived, providing insight into the local material characteristics.
In order to approach spatially resolved information on the Bragg selectivity, the location-related output of the individual rotation scans must be correlated and compared with respect to the lateral position. Analysing the grating constant Λ and the grating slant Φ to such an extent, yields lateral progressions, i.e., Λ(x) and Φ(x) curves, respectively, to be interpreted in terms of material response and optical shrinkage effects.
Furthermore, every single lateral position is assigned to a certain local exposure dose, determined by the Gaussian intensity distribution of the recording beams. As a consequence, a lateral scan contains energetically resolved information as well. The respective allocation of the abscissa to the local energy density allows one to draw conclusions on the influence of the recording dose.
Results and Discussion
The Grating Constant Λ
The most straightforward method for spatially resolved analysis of the Bragg selectivity is to visualize the course of the local periodicity in the lateral plane. This aims to evaluate the information derived from lateral scans with respect to the grating constant Λ. Information about optical shrinkage can subsequently be obtained by comparison of the final structure, i.e., the measured value Λ, with the initial interference pattern, defined by the recording geometry:
where n is the average refractive index of the medium, λ the wavelength of exposure and Θ the angle, enclosed by the two recording beams in air.
As a first result from lateral analysis (see Figure 1 ), it can be demonstrated that the period is almost constant along the lateral position, or rather independent on the recording intensity, in case of short exposure duration:
This is consistent with previous results, obtained with regard the temporal development of the relative optical shrinkage (defined as ratio of optical shrinkage to diffraction efficiency), which has proven to be time invariant in the case of short exposure duration as well [13] . However, in cases of long exposure duration a certain dependency on the lateral position and on the duration of the exposure arises, i.e., Λ(I, texp) ≠ const., respectively. In regards to Figure 1 , the influence of the recording intensity becomes apparent in terms of quality as well as quantity. On the one hand, the grating period always shows a decrease towards the centre of the grating, i.e., Λ(I) exhibits a negative slope:
On the other hand, the impact of the exposure duration is demonstrated by the fact that the effect of a laterally decreasing periodicity is enhanced with increasing duration of exposure:
In the case of shorter exposure (21 s, blue curve in Figure 1 ), the grating constant decreases laterally by only 0.6%, which is only slightly above the error limits. In contrast to this, a long exposure duration (38 s, orange curve in Figure 1 ) results in a significant lateral decrease of 5%. This correlation finds expression in Equation (4) and is in line with results from studies of the shrinkage caused by holographic grating formation in acrylamide based photopolymer film, where higher shrinkage was measured for recording with lower intensity and longer time of exposure [28] . Furthermore, the dependency of the material response on the recording intensity is in compliance with results from time resolved investigations [9] .
3.1.2. Impact of the Exposure Duration: Λ(texp)
As indicated from looking at Figure 1 , the influence of the exposure duration becomes particularly apparent in the case of low recording intensity. Further confirmation of this effect is provided by Figure 2 , clearly demonstrating the impact of the exposure duration on the grating constant. 
Second, this gradient is decreasing with increasing recording intensity:
i.e., in the case of low recording intensity (I = 5 mW/cm²), an increase of the exposure duration of 50% increases the grating constant by 5%. In addition, as observed before, the higher the intensity of exposure, the less pronounced is the influence of the exposure duration. Until finally, in the case of high recording intensity (I = 30 mW/cm²), the grating period remains constant, or rather:
Moreover, the results presented here are in line with results from holographic interferometry, performed during holographic recording of acrylamide photopolymer layers, where higher shrinkage was observed with recordings at lower intensities [29] .
Mutual Consistency: Λ(I, texp)
Although the recording dose, i.e., the product of recording intensity and exposure duration, represents the decisive value, determining the grating formation, an independent investigation of Λ(I) and Λ(texp) provides a descriptive characterization of the material response. Nevertheless, results from Section 3.1.1 and 3.1.2, which are not contingent on each other, merge into a consistent picture of the material performance. Moreover, the independent results can be unified as follows.
According to the symmetry of second derivatives (Clairaut's theorem), the partial derivations of a function with continuous second partial derivatives are commutative. This takes shape in the equivalence of Equations (4) and (6):
Specifically, Equation (8) manifests in the following results. On the one hand, the effect of a laterally decreasing periodicity is enhanced with increasing duration of exposure (Equation (4)). On the other hand, the increase of the periodicity with the exposure duration is diminished with increasing intensity of exposure (Equation (6)).
The Grating Slant Φ
Investigation of the grating constant enables two-dimensional mapping of optical shrinkage in the lateral plane. However, no information on optical shrinkage in the perpendicular direction is provided, although the lateral scan data contains corresponding information in the form of the grating slant parameter Φ.
In the case of one-dimensional, plane-wave, transmission type gratings the lattice planes are aligned parallel to each other, perpendicular to the sample surface. Any deviations from this configuration must be linked to local differences in optical shrinkage. As a consequence, lateral mapping of the slant parameter allows for the deduction of the depth relevant information by means of the lattice plane orientation.
Here, the results from lateral scans show a causal connection between local grating slant and recording intensity as well as exposure duration, respectively, i.e., Φ(I, texp). With respect to the recording intensity, three different behaviors can be classified, presented in Figure 3 .
Impact of the Recording Intensity: Φ(I)
Once again, the behaviour Φ(I) strongly depends on the duration of the exposure. The three emerging cases are shown in Figure 3 . The respective schemes to the right illustrate corresponding consequences with regard to the lattice plane orientation. In the evaluation of these results, it must be considered that the lateral scans are performed horizontally from the left to the right side of the grating (from the top-view perspective, i.e., polymer on top of the substrate). As a consequence, a positive slant Φ > 0 corresponds to a tilt of the lattice planes to the left (again from top view perspective), while a negative value Φ < 0 means a slant to the right.
In the case of short exposure, it was found that Φ is positive on the left side of the grating and negative on the right side. As a consequence, the grating period decreases from the surface towards the substrate (see lowermost right-hand scheme in Figure 3 ). In the case of long exposure duration, the situation is vice versa, i.e., Φ < 0 on the left side and Φ > 0 on the right side. In addition, an intermediate case is observed in between (see middle row in Figure 3) .
Interpretation of the findings with respect to the grating slant appears more complicated than in case of the grating constant. This is due to the fact that the information, provided with regard to Λ, is assigned to the lateral plane, while in the case of Φ the depth of the layer is involved. Accordingly, local variations of optical shrinkage in the lateral plane can be assigned to recording-intensity-distribution-related effects, whereas several potential causes must be considered for the explanation of modifications trough the depth of the layer. On the one hand, adhesion between polymer layer and glass substrate appears reasonable in view of specific epoxy characteristics [30] . On the other hand, the thick, uncovered surface of the polymer layer may tend to the formation of a superficial film. Additionally, non-uniform chemical composition may be obtained as a consequence of sample dark storage. Finally, a possible decrease of the recording intensity might result from absorption of the recording beams.
Depending on the respective interpretation, the results suggest more expansion at the substrate or rather more shrinkage at the surface in case of long exposure (uppermost case in Figure 3) , while in the case of short exposure, the situation is vice versa (lowermost case in Figure 3 ). In the intersection, forces cancel each other out (central case in Figure 3 ). This is also illustrated in view of the strength of the tilting effects, i.e., the value of ΔΦ in Figure 3 .
In view of results presented in Section 3.1.2 as well as in [13, 28] , namely the decrease of optical shrinkage or rather the refractive index increase, observed with increasing exposure duration, interpretation of the results in terms of a superficial film formation is suggested. However, starting from the assumption of recording beam absorption would be preferable as well, inasmuch as it is in compliance with results from Section 3.1.1, where a decrease of Λ(I) was found.
Impact of the Exposure Duration: Φ(texp)
To measure the strength of the deformation effects perpendicular to the sample surface, the parameter ΔΦ is introduced. ΔΦ is defined as the difference of the left side and right side slant angles, as depicted at the lower left of Figure 3 . With the help of this quantity, a comparison of the individual performances is facilitated. Figure 4 demonstrates the impact of the exposure duration on the observed grating slant difference ΔΦ with reference to the material viscosity.
Notwithstanding the different viscosity, the grating slant difference shows qualitatively the same curve progression. In fact, ΔΦ(texp) describes an initial decrease up to a minimum and a subsequent increase with increasing exposure duration. Thereby ΔΦ reaches higher values in case of long exposure duration. Once again, these results are in compliance with findings from preliminary sections. As already observed in view of Λ(texp), an increase of the exposure duration enhances the effect of optical shrinkage.
Impact of the Material's Viscosity
A variation of the material's viscosity affects the optical shrinkage, as became clear in view of Figure 4 . Here, the influence of the viscosity on the grating slant difference is evident by means of scaling of the abscissa. In case of low viscosity the ΔΦ(texp)-minimum is allocated around 30 s. In contrast to this, high viscosity results in a minimum around texp = 5 s. Such a shift is in line with the expectations, since a high viscous material is less flexible, whereas in case of low viscosity a higher amount of curing is required with the result of longer exposure duration necessary to achieve the same result with respect to the optical shrinkage.
It must be stressed that the viscosity, in the case of this study aligned by means of prebake, is also effected by pre-exposure as well as dark storage of the samples. However, the purpose of the present study is a qualitative analysis of optical shrinkage effects. Further investigations are required to elucidate the relationship and influence of external factors for an estimation in terms of quantity. Figure 4 . Influence of the exposure duration on the grating slant difference: ΔΦ(texp) for low viscosity (below, blue squares) and high viscosity (on top, orange circles). The different material's viscosity notwithstanding, the curve progressions are highly similar in terms of quality. Quantitatively they differ with regard to the scaling of the abscissa. In the case of high viscosity, the ΔΦ(texp)-minimum is observed for shorter exposure durations.
Conclusions
Based on the methods introduced here, lateral scanning of the grating parameters was demonstrated. Results from spatially resolved investigations of the grating constant reveal a distinct influence of the recording intensity and exposure duration on the Bragg selectivity: 
First, it was shown that the grating period is independent of the recording intensity in the case of short exposure duration (Equation (2)) and independent of the exposure duration in the case of high recording intensity (Equation (7)). Second, the grating period shows a decrease with increasing recording intensity (Equation (3)). This effect is enhanced with increasing exposure duration (Equation (4)). Third, an increase of the grating constant with increasing exposure duration was found (Equation (5)). This effect is, in turn, increasingly pronounced with decreasing recording intensity (Equation (6)). Such countervailing effects of positive and negative optical shrinkage have already been reported with respect to time resolved investigations [13] .
Results are in accordance with those obtained with other methods [9, 13, 29] and with other photopolymer systems [28, 29] . Thus, it appears a general characteristic that lower shrinkage is observed with recordings at high intensities and short exposure duration. In view of the recently demonstrated correlation between photo-induced crosslinking and mechanical shrinkage [13] , this can be interpreted in terms of advantageous conditions for monomer diffusion in case of short exposure.
Investigations, based on the periodicity of transmission type gratings, are intrinsically limited, yielding only two-dimensional information on optical shrinkage in the direction of the grating vector. Therefore, to complete the picture on spatially resolved analysis of the Bragg selectivity, the modification of optical shrinkage perpendicular to the sample surface was also accomplished.
Results from lateral scanning of the volume holographic grating slant angle are consistent with spatially resolved investigations of the periodicity. A distinct influence of recording intensity, exposure duration and material viscosity on the 3D Bragg selectivity was found. Furthermore, the presence of countervailing effects of positive and negative optical shrinkage is confirmed [13] .
It was demonstrated that optical shrinkage occurs not only in the direction perpendicular to the sample surface. Moreover, the optical shrinkage shows characteristic changes through the depth of the layer. Accordingly, lateral progressions of the grating slant revealed a decreasing grating period towards the substrate in case of short exposure duration and an increase in the case of long exposure duration, while an intermediate behavior arises in between.
The overall strength of the modification of optical shrinkage through the layer was investigated and a characteristic influence of the exposure duration was found, while the material's viscosity affects the influence of the exposure duration not in terms of quality, but in terms of quantity.
The newly introduced method of lateral scanning and the corresponding results presented here contribute by means of a deeper understanding and feasible control of optical shrinkage in photosensitive polymers, targeting a highly stable functionality of volume holographic devices.
